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ABSTRACT 
 
 
Purpose: Normal Pressure Hydrocephalus (NPH) is a clinical diagnosis with no formal 
definition. Textbooks describe NPH as a clinical triad of gait abnormality, dementia, and 
urinary incontinence. Few patients present with all three symptoms, forcing the clinician 
to rely on a “preponderance of evidence” approach, which involves weighing triad 
symptoms with radiological findings, Cerebrospinal Fluid (CSF) opening pressure, 
response to Tap Test, external lumbar CSF drainage, lumbar infusion, and finally 
shunting. Radiological findings in NPH are limited to enlarged ventricles out of 
proportion to sulcal atrophy, callosal angles greater than 40 degrees, and ventricles with 
Evan’s ratios greater than 0.3. When radiologists evaluate suspected NPH patients they 
are limited to excluding disease, as opposed to searching for any particular finding. In 
this study we used Diffusion Tensor Imaging (DTI) to determine if differences can be 
identified on a group basis between NPH and normal groups to see if DTI (including 
tractography) can be a useful tool for understanding disease morphology and laying the 
groundwork for future clinical use of DTI for identification of NPH.  
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Materials and Methods: A retrospective study of patients who underwent brain MRI 
imaging with a Philips 3T magnet. NPH patients were classified as “definite” or 
“probable NPH” by their referring physicians. Normal subjects were patients found to 
have no anatomical brain abnormality. DTI and tractography data were acquired using 
Philips Fibertrak software, and post-processing was done using Tract Based Spacial 
Statistics (TBSS).  
Conclusion: NPH patients were found to have higher Fractional Anisotropy (FA) values 
in the upper corticospinal tract, lower FA values in the Corpus Callosum and mixed 
results in the internal capsule, to p ≤ 0.05 levels, consistent with previous reports. NPH 
tractography was also characterized with a distinct “heart-shaped” sign. Possible uses for 
tractography for patients under suspicion of NPH will be discussed. 
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INTRODUCTION 
 
 
General Introduction  
    Normal-Pressure Hydrocephalus was coined by Salomon Hakim in his medical school 
thesis entitled “Some Observations on C.S.F. Pressure: Hydrocephalic Syndrome in 
Adults with “Normal” C.S.F Pressure” in 1964. Hakim’s observation of a normal-
pressured form of hydrocephalus was brought to the English-speaking world by Adams, 
who published the first article on NPH in 1965. Both Hakim and Adams are credited with 
identifying the syndrome, which presents with enlarged ventricles without elevated 
intracranial pressure, along with symptoms of gait abnormality, dementia, and urinary 
incontinence. In Adams’s 1965 article, in which Hakim appears as a co-author, it states 
that that NPH appears to come from both traumatic and idiopathic origin. Hakim 
continued that it consisted of a “clinical triad” of gait abnormality, urinary incontinence, 
and dementia (1)(2).     
 
Clinical Features  
    NPH Patients often first present to clinicians with gait disturbances (3). It is also the 
most common symptom of NPH. Patients feel as though they can barely lift their feet 
(4).The gait of a patient with NPH has been described as “magnetic gait with the 
appearance of the patient’s feet being stuck to the ground”. The following simple tasks 
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are challenging for NPH patients: climbing stairs, to come to a stop when walking down a 
slope, walking at a normal pace, and getting into bed. A simple walk down a corridor can 
take minutes (1)(3)(4).  
        Trouble starts with the patient having difficulty when beginning to take a forward 
step. The steps are short with little clearance off the ground. Turning in place is a 
challenge, and patients compensate by taking additional small steps. In addition, a 
clinician may notice uncoordinated muscular movements indicative of brain dysfunction. 
The toes point outward, giving a shuffling appearance. The gait is wide and includes 
minimal knee flexion, resulting in shortened steps with feet that rotate outward when 
walking. In a normal gait, the hips and arms rotate in opposition. In NPH patients this 
ability is diminished (3)(4).  
    The NPH posture is not straight, leading to frequent falls. This can be attributed to a 
posture that is generally forward leaning with some degree of retropulsion. Closing ones 
eyes tends to make postural instability more pronounced. Movement problems with NPH 
are not limited to the lower extremities. Half of NPH sufferers have symptoms in their 
upper body as well (2)(3)(5). 
    It is also important to be clear what NPH is not. It does not present with leg weakness 
and there are no signs of pyramidal dysfunction. Although the NPH gait is sometimes 
referred to as a gait apraxia, this may be a misnomer. If a patient has some support when 
walking, then they can walk correctly. Complicating matters, movement disorders such as 
apraxia are commonly co-morbid with NPH (2)(3)(5). 
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    Higher function impairment includes the frontal lobe. Patients and their families may 
first notice trouble with executive functioning before the diagnosis is made. Along with 
decreased attention there is psychomotor slowing and apathy. To some this can at first 
appear to be depression, but unlike depression, there are no depressed thoughts (6).  
Patients often initially demonstrate “mild frontal/subcortical type dysfunction”. This 
includes “slowing of information processing, memory and executive function 
abnormalities, psycho-motor slowing, visuospatial deficits, and mood changes without 
the presence of focal cortical deficits”(3)(7). The frontal subcortical dysfunction is the 
source of executive problems, which can be troublesome with day-to-day activities and 
social settings. As the condition progresses the cognitive difficulties affect global 
functioning and become more acute. Patients have difficulty with recall of information, 
although there is no problem recalling information that was newly learned.  This memory 
deficit is localized to information that is pulled from one’s memory without any 
recognition cues.  These deficits may go unnoticed without a neuropsychological 
evaluation. 
    Mood changes may be observed. Common behavioral dysfunctions may be subtle, 
such as apathy or indifference Or NPH may progress to major depression. Alternatively, 
the literature notes hostility, aggression, and obsessive-compulsive disorder as being 
associated with NPH (3)(7). 
    Urinary incontinence usually presents as the last symptom of NPH, if it presents at all. 
Paradoxically, NPH patients at first urinate with more urgency and frequency, before 
urinary incontinence develops. Current thinking as to why this occurs is that the enlarged 
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ventricles associated with NPH stretches the periventricle nerve fibers at the frontal horns 
of the lateral ventricles, resulting in a lessening ability to stop bladder contractions. Fecal 
incontinence is not affected (3).  
    Urinary incontinence is the result of the interference with normal periventricular 
pathways to the “sacral bladder center leading to urgency”. A contributing factor to 
incontinence may be result of the gait disorder, which makes travelling to the bathroom 
more difficult. In advanced stages of NPH, urinary incontinence “can result from lack of 
concern for microurition” (6).  
    The profile of NPH patients is generally older adults. The epidemiological data on 
NPH is varied for a variety of reasons. Chief among them is that there is no consensus on 
the definition of NPH. One source estimates that in the US there are between 2 to 20 
million cases per year. NPH occurs more frequently in the sixth and seventh decade of 
life. For individuals in their seventh decade of life and older, NPH is estimated to be one 
per one thousand, with a doubling of frequency after each decade (4)(6). 
    Worldwide NPH has been estimated to contribute to 6 % of cases of dementia (8). It 
has been attributed to 5% of the underlying cases of dementia in the US, and between 1-
5% of cognitive disorders in the elderly (1)(3). Another source estimates that in the US 
there are 375,000 cases, which translates to roughly 5% of the population. As the 
population ages the number of NPH incidents is expected to increase (4). It is unknown 
what causes NPH. There are several things that are known about NPH. It involves white 
matter tracts—and has been characterized as a white matter disease.  
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Pathophysiology 
 
    The pathophysiology of NPH is cloaked in uncertainty. There are a variety of possible 
explanations for the mechanism of NPH. What is generally agreed upon is that enlarged 
lateral ventricles are responsible for the clinical triad. Ventricles are filled with 
cerebrospinal fluid (CSF), and enlarged ventricles suggest that CSF is accumulating in 
the ventricles. It is intuitive that there would be either too much CSF being produced, or 
that CSF becomes obstructed through the ventricle network. However, this is simply not 
the case in NPH. The curious trait of NPH is that as the ventricles progressively enlarge 
during the course of the disease, the pressure within the ventricles remains constant. It is 
for this reason we have the name, Normal Pressure Hydrocephalus (4).  
    It is believed that in NPH the arachnoid villa have difficulty reabsorbing CSF. This 
small increase in the production and reabsorption of CSF is the reason why NPH often 
progresses gradually. The increased CSF in the ventricles puts stress on the brain 
parenchyma through increasing intracranial pressure. This pressure is most stark at the 
periventricular area, where the cortico-spinal tract runs. Damage to the cerebral blood 
vessels is believed to be linked to the slow creation of CSF and decreased toxic 
metabolite clearance (4). 
    The underlying pathology of the gait symptoms is thought to be related to 
ventriculomegaly. As fluid builds up in the lateral ventricles there is an increase in 
intracranial pressure. This intracranial pressure may put pressure on the white matter 
tracts that travel in the periventricular space around the ventricle. Compression of these 
white matter tracts may directly lead to two of the three triad symptoms: gait disturbance 
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and urinary incontinence (9). Hiraoka proposes the gait disturbance is localized to white 
matter tract compression at the basal ganglia (10).          
    Chrysikopoulos posits that CSF dynamics in NPH are the result of a change in blood 
flow to the cerebral arteries. He suggests the systolic-diastolic cycle is disrupted by 
hypertension. Possible causes of hypertension include atherosclerosis. In the brain, 
elevated ventricular systole is attributed to the stiff and narrow hypertensive arteries. 
These circulatory problems, Chrysikopoulos states, are linked to changes in axonal 
osmolarity that lead to axonal dehydration (4). More research is needed to understand the 
mechanism of this condition. 
    Idiopathic NPH, as its name suggests, has no known cause. Secondary (non-idiopathic) 
NPH, however, can be attributed to four general causes. Siraj describes four causes of 
secondary (non-idiopathic) NPH. In the first category he places subarachnoid hemorrhage 
and intraventricular hemorrhage stemming from trauma or aneurysm. The second 
category is from infections, commonly meningitis. The third entails inflammatory 
conditions, and the final causes are rare occurrences such as Paget’s disease (6). 
 
Current Diagnostic Practices 
 
In textbooks, NPH is taught as a clinical triad of symptoms. However, the textbook cases 
Hakim and Adams describe are extreme cases. In the neurologist’s examining room, 
patients rarely conform to all three symptoms. It is common patients exhibit only one of 
the clinical symptoms that make up the clinical triad. If patients do exhibit one symptom, 
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it is often gait disturbance. On the physician side of the equation, there is no consensus to 
what is NPH, and so describing unified diagnostic practices is an example of placing the 
cart ahead of the horse (7).  
    There have been attempts to unify diagnostic practices. The most recent and well-
known example of standardizing current diagnostic practices was done by a group in 
2005 led by Normal Relkin (5). Since NPH is a clinical disorder, any diagnosis begins 
with a clinical history. If the patient does not exhibit the full clinical triad and is 
determined to be inconclusive, then there are a variety of supplemental tests that can be 
done to help guide the NPH diagnosis.  
    The most well known NPH test is the lumbar puncture. A lumbar puncture in the 
lateral recumbent position is used to measure the cerebrospinal fluid opening pressure 
(CSF-OP). The normal range is between 60 and 200 mm H20. The range in NPH is often 
between 60 and 240 mm H20. The nearly identical overlap between an NPH and normal 
opening pressure suggests the lumbar puncture opening pressure test cannot be used as a 
stand-alone test to distinguish the two groups. Although a normal opening pressure does 
not suggest much, it can be used to exclude other forms of hydrocephalus. Interestingly, 
it is because of the “normal” opening pressure that the condition received the name 
Normal Pressure Hydrocephalus. It is now known that NPH can present with “non-
normal” opening pressures, making the condition a misnomer, but the name “Normal 
Pressure” has stuck. To this today it is commonly and mistakenly believed that elevated 
opening pressures can be used to exclude NPH from a differential diagnosis (3)(5)(7).  
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    Neuroimaging is an important tool in the diagnosis of NPH. Computed Tomography 
(CT) or Magnetic Resonance Imaging (MRI) is used after symptoms appear. The key 
radiological feature is enlarged ventricles, called ventriculomegaly. There are a variety of 
criteria that must be met to say one has enlarged ventricles. A tool called the Evans ratio 
quantifies ventricle size. The Evans ratio is the ventricular width, as measured by its 
largest left-right measurement, divided by the distance between parietal lobes, as 
measured as the largest length of the skull in a left-right measurement. An Evans ratio of 
0.3 or greater is acceptable for NPH criteria. It is especially important that the enlarged 
ventricles are out of keeping with sulcal atrophy, which may suggest other causes of 
dementia, such as Alzheimer’s disease (5).  
    Exclusionary criteria are also necessary for determining NPH with imaging. There 
should not be any visible bodies obstructing CSF flowing through the ventricles. Also, 
there should be one of the following: ventriculomegaly at the temporal horns should not 
be due to atrophy of the Hippocampus, as this may suggest Alzheimer’s disease; a corpus 
callosal angle greater than forty degrees; radiological findings of changes in water 
content in the brain, including “periventricular signal changes on CT and MRI not 
attributable to microvascular ischemic changes or demyelination”; MRI evidence of flow 
void either at the aqueduct of Sylvius or fourth ventricle (5).  
    There are other radiological findings that are not required for NPH diagnosis, but may 
be suggestive of probable NPH. One such tool requires prior radiological testing. For 
those patients who have MRIs of their brains before symptoms appear, it is possible to 
note differences before and after these symptoms appear. When considering a diagnosis 
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of NPH, a finding of larger ventricles after symptoms appear may be suggestive of NPH 
(5)(7).  
    Another option is a radionuclide cisternogram. Radionuclide cisternogram is a nuclear 
medicine technique that is used to determine abnormal CSF flow. Newly formed CSF 
flows from the choroid plexuses at the superior aspect of the lateral, third, and fourth 
ventricles. CSF continues around the brain stem, the cerebellum, the rest of brain 
parenchyma, and into the subarachnoid space before it travels to complete the cycle at the 
basal cisterns. The direction of CSF flows out from the ventricles, where the hydrostatic 
pressure is greatest, and decreases as it reaches the subarachnoid space. CSF absorption 
takes place at the arachnoid villi. Radiolabel cisternography involves a lumbar puncture 
whereby a radiolabeled substance, such as Indium-111, is injected into the spinal canal 
into the space along the subarachnoid membrane with the purpose of inserting itself into 
the CSF. In normal patients it takes one to three hours for the radiolabeled substance to 
reach the basal cisterns. The radiolabeled substance than takes twelve to twenty-four 
hours to proceed to the sagittal region over the cerebral convexities. In normal patients 
the ventricles cannot be seen with this technique, while the basal cisterns cannot be seen 
after roughly twenty-four hours. In normal pressure hydrocephalus patients there is a 
problem with the CSF reabsorption. This reduction in CSF reabsorption at the arachnoid 
granulations leads to retrograde CSF flow. When the flow runs in the retrograde 
direction, the tracer remains in the ventricles for a much longer period of time. In NPH 
the tracer will commonly remain in the ventricles for two days or more, “with little or no 
flow of the tracer over the convexities to the sagittal area” (7). NPH ventricular reflux is 
10 
 
more pronounced than cerebral atrophy combined with normal ranges of CSF 
reabsorption. In summary, if a radionuclide cisternogram is performed, a slowing of 
radiotracer clearance after 2-3 days in the cerebral convexities is supportive of NPH (7).  
    Cine MRI may also be used in an NPH diagnosis. In Cine MRI, CSF flow is measured 
through traditional MRI along with an EKG to measure heart rhythms. The underlying 
principle is that when the heart completes a cardiac cycle—from one P wave till the 
next—blood enters the brain, leading to CSF exiting the brain. With the help of an MRI 
software package, it is possible to view CSF flow from heartbeat to heartbeat.  Cine MRI 
can be used to show CSF blockages and help rule out Chiari Malformations. Once the 
CSF flow is determined, it can be matched to normal patient values. For NPH diagnostic 
purposes, if Cine MRI shows increased ventricle flow rate, it may be indicative of 
probable NPH (7)(12).  
    Another tool in NPH diagnosis is SPECT-acetazolamide challenge. SPECT stands for 
Single-Photon Emission Computed Tomography, and is reminiscent of nuclear medicine 
imaging. A radioisotope that emits gamma rays is inserted into the blood. Some 
radioisotopes that are traditionally used include Iodine-123, Technetium-99, Xenon-133, 
Thalium-201, and Fluorine-18. The radioisotopes pass through the blood stream and are 
detected by the scanner. SPECT is a tool to measure blood flow in the brain. The scanner 
takes two-dimensional pictures of the brain and the cross-sections are compiled to create 
a three-dimensional view of the brain. Acetazolamide is a carbonic anhydrase inhibitor 
that is used to ease intracranial hypertension. By paring SPECT with an acetazolamide 
challenge, it is possible for radiologists to assess ventricle function. When a normal 
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patient is given the SPECT acetazolamide challenge, vascular reactivity and CSF 
perfusion should increase. In NPH populations, where patients may have atherosclerosis, 
CSF perfusion does not increase because blood vesicles are less compliant (13). 
 
Treatment Modalities 
    The treatment modalities of NPH often begin with a test called the Tap Test. The Tap 
Test is used to determine if surgery is an appropriate option for the patient. The Tap Test 
involves removing CSF by lumbar puncture. Before beginning the Tap Test, a 
neuropsychologist should be called in to perform cognitive testing. The role of the 
cognitive testing is for determining a baseline of cognitive functioning before the 
procedure. Areas tested include attention, memory, language, reaction time, reasoning, 
and the patient’s emotional state. A physician should also take gait measurements for 
similar reasons. The opening pressure is measured from the opening pressure in the left 
lateral recumbent position. The patient pulls his or her knees to the chest with the chin 
pulled down. Another option is for the patient to be bent forward and sitting up. It is of 
upmost importance that the patient remains in the bent position because any unwarranted 
movement can place the needle in the path of the spinal cord. Although the risk of 
injuring the spinal cord is small, it is nevertheless a risk each time the procedure is 
performed. Clinicians must be aware of several conditions that would prevent the use of 
the Tap Test. These conditions include uninterruptible coagulation and indications of 
significantly elevated intracranial pressure (3)(7)(14).  
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    The physician proceeds with the Tap Test by injecting the spine with a local anesthetic. 
A needle is inserted into the lower back and 40-50cc of CSF is removed while CSF 
pressure is recorded. Once the needle is removed and the area is bandaged, the patient 
lies down for a short period of time. After some time has passed, some say between two 
and four hours and others state six hours, the neuropsychologist will be called in to 
measure post-Tap Test cognitive measurements. At this time a physician will assess the 
remaining NPH symptoms to see if there is improvement. Gait abnormality is usually 
improved over the course of several hours in NPH patients. Because NPH is a disorder 
where there is an accumulation of CSF, an improvement of symptoms is generally 
understood to be a positive indicator of NPH.  And a positive response to the Tap Test is 
also usually indicative of a positive response to shunting. (7)(14)(15)(16). 
    In clear-cut cases NPH patients will then undergo surgery. When the results of the Tap 
Test are ambiguous and open to interpretation, further testing is required before 
recommending surgery. The next line of testing after the Tap Test is external lumbar CSF 
drainage. It is possible that an NPH patient requires additional CSF to be removed before 
symptoms show improvement. It is alternatively possible that the length of time after the 
Tap Test—several hours—is insufficient for seeing results. One of the ways the external 
lumbar CSF drainage test distinguishes itself is that the procedure occurs over two to 
three days. Because of the length of the external lumbar CSF drainage test, 
hospitalization is required. The external lumbar CSF drainage procedure involves placing 
a catheter in the lumbar region and removing CSF at a rate of ten milliliters per hour. 
Because of the additional time set-aside for the procedure, a clinician who utilizes an 
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external lumbar CSF drainage test will be in a better position to determine the prospects 
of a shunt operation (7)(16).  
    The benefits of the Tap Test and external lumbar CSF drainage should be weighed 
with the risks. The Tap Test, when paired with neuropsychological evaluation, is an 
effective tool for clinicians. On its own, the Tap Test has a predictive value of 0.72. In 
this stand-alone test, the surgeon exclusively gauges the symptoms. When the Tap Test is 
paired with neuropsychological evaluation, the predictive value is raised to 0.91(1)(3). 
The non-invasive neuropsychological addition to the treatment protocol provides a 
significant increase in knowledge, albeit it for additional cost of hiring a 
neuropsychologist. The procedures, on the other hand, are painful and carry risk of 
infection, subdural hematoma, and injury to the spinal cord. The external lumbar CSF 
drainage test takes the longest amount of time and allows the patient and treating team 
the best opportunity to evaluate what a shunt placement can do for the patient. The trade-
off for this added information is further risk of infection (3). 
    The British National Health Service has guidelines to administer a diagnostic 
procedure called a lumbar infusion test (alternately the intrathecal infusion test). The 
lumbar infusion test takes the opposite approach of the Tap Test and the external lumbar 
CSF drainage test, in that it adds fluid to the CSF instead of removing CSF. The rationale 
is that NPH individuals have a lower absorptive capacity for CSF, and that one can test 
this capacity to absorb CSF by noting CSF pressure providing the patient increasing 
levels of fluid. Patients who have NPH will have trouble removing CSF from the 
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ventricles, and so they will be expected to have higher opening pressure levels under 
administration of the lumbar infusion test (16).  
    The procedure begins with a needle that provides local anesthesia, followed by a 
needle inserted into the lumbar spinal sac of the lower back. A pressure gauge on the 
needle measures CSF hydrostatic pressure, and then fluid is infused into the patient. The 
patient is given a constant infusion, and the clinician measures the resistance to CSF 
outflow (calculated as mmHg/ml/min). This is viewed as a valid measurement of the 
predictive power of shunting. Another school of thought believes a better predictive 
power is to find the pressure (reported as mmHg) at which infusion rate equally balances 
out the CSF absorption. There is not uniformed consensus as to which pressure rates and 
pressure values indicate shunt placement, but there have been published cut-off values 
that have been reported (16).  
    The National Health Service reviewed a lumbar infusion study of 101 patients 
    suspected of NPH to gauge effectiveness of shunt placement. Researchers used 
resistance to CSF outflow as their measurement (calculated as mmHg/ml/min). Using 
18mmHg/ml/min as a cut-off, 33/36 (92%) of patients with a CSF outflow resistance of 
greater than 18mmHg/ml/min showed improvement after shunt surgery, as measured by 
gait and dementia scores. Interestingly, 40/59 (67%) of patients with CSF outflow 
resistance below 18mmHg/ml/min also showed improvement after shunt surgery was 
performed, based on gait and dementia scores (16).  
    In another study reviewed by the National Health Service’s National Institute for 
Health and Clinical Excellence, which used 12mmHg/ml/min as a cut-off, there were 83 
15 
 
patients under suspicion for NPH. Of those 83, 66 (80%) were eligible for shunt 
placement. After at least a period of 12 months after these 66 patients underwent shunt 
surgery, only 39/66 showed signs of improvement, as measured by treating neurologists 
(16).  
    A third study shows the power of the “preponderance of evidence” approach. In this 
study both a Tap Test and a lumbar infusion test were employed. Out of 68 patients, 47 
(69%) demonstrated improvement after either a Tap Test or lumbar infusion test. A 
positive infusion test was scored if the equilibrium pressure was at or above 22mmHg.  
These individuals with a “positive” Tap Test or lumbar infusion test were approved for 
and underwent shunting. After surgery, 38/47 of patients (81%) showed improvement. 
81% is a significant percentage to show improvement, suggesting there was a good job in 
taking the patient history, identifying symptoms, and in performing a differential 
diagnosis. The breakdown of the diagnostic procedures performed before surgery reveals 
how not all tests are created equal. Of the total 38 patients who reported symptomatic 
improvement, 32/38 (84%) had positive lumbar infusion test scores (22 mmHg or 
greater) that suggested shunting is indicated. However, of these same 38 patients who 
reported symptomatic improvement, 16/38 (42%) demonstrated positive Tap Tests that 
were used to indicate shunt surgery. A comparison of the results of the Tap Test and 
lumbar infusion reveal that lumbar infusion (84% positive rate of predicting successful 
shunts) is at least a more sensitive, if not an outright more useful, tool than the Tap Test 
(42% positive rate of predicting successful shunts) for predicting a positive response to 
shunting. Given that the a negative Tap Test is often the end of the line for both an NPH 
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diagnosis and for the possibility of shunt placement in many clinicians minds, it is 
important to stop and point out that it may not be as important as it was initially thought 
to be as part of confirming an NPH diagnosis. It is possible that the Tap Test does not 
provide the treatment team with enough information to assess whether the patient should 
undergo shunting. This study also underscores the importance of setting proper cut-off 
values (22 mmHg in this case of the lumbar infusion test) for diagnostic assessment (16).  
    The decision to shunt is often driven by the patient. When patients’ families witness 
the temporary improvement of symptoms after the Tap Test or external lumbar CSF 
drainage test, they practically demand surgery. It is up to the treatment team to be a voice 
of reason, and to assess if the patient is fit for surgery. However, since NPH is the only 
known form of dementia that is surgically reversible, there is justifiable cause for 
optimism (6). Table 1 summarizes the clinical features of probable NPH. Figure 1 is a 
decision tree that clinicians are recommended to use when deciding when to shunt.   
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Table 1, As adapted from Relkin	  N,	  Marmarou	  A,	  Klinge	  P.	  DIAGNOSING	  
IDIOPATHIC	  NORMAL-­‐PRESSURE	  HYDROCEPHALUS.	  Neurosurgery.	  2005	  
Sep;57(3):S2–S16.	  Table 2.1 (5) 
  
Description of Probable Idiopathic NPH 
I. History 
 
Reported symptoms should be corroborated by an informant familiar with the 
patient’s premorbid and current condition, and must include 
a. Insidious onset (versus acute) 
b. Origin after age 40 yr 
c. A minimum duration of at least 3 to 6 mo 
d. No evidence of an antecedent event such as head trauma, intracerebral 
hemorrhage, meningitis, or other known causes of secondary 
hydrocephalus 
e. Progression over time 
f. No other neurological, psychiatric, or general medical conditions that are 
sufficient to explain the presenting symptoms 
 
II. Brain Imaging 
A brain imaging study (CT or MRI) performed after onset of symptoms must 
show evidence of 
a. Ventricular enlargement not entirely attributable to cerebral atrophy or 
congenital enlargement (Evan’s index >0.3 or comparable measure) 
b. No macroscopic obstruction to CSF flow 
c. At least one of the following supportive features 
1. Enlargement of the temporal horns of the lateral ventricles not entirely 
attributable to hippocampus atrophy 
2. Callosal angle of 40 degrees or more 
3. Evidence of altered brain water content, including periventricular 
signal changes on CT and MRI not attributable to microvascular 
ischemic changes or demyelination 
4. An aqueductal or fourth ventricular flow void on MRI 
 
Other brain imaging findings may be supportive of an idiopathic NPH 
diagnosis but are not required for a Probable designation 
1. A brain imaging study performed before and after onset of symptoms 
showing smaller ventricular size or without evidence of hydrocephalus 
2. Radionuclide cisternogram showing delayed clearance of radiotracer over 
the cerebral convexities after 48-72 h 
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3. Cine MRI study or other technique showing increased ventricular flow 
rate 
4. A SPECT-acetazolamide challenge showing decreased periventricular 
perfusion that is not altered by acetazolamide 
 
 
III. Clinical  
 
By classic definitions, findings of gait/balance disturbance must be present, 
plus at least one other area of impairment in cognition, urinary symptoms, or 
both. 
With respect to gait/balance, at least two of the following should be present 
and not be entirely attributable to other conditions 
a. Decreased step height 
b. Decreased step length 
c. Decreased cadence (speed of walking) 
d. Increased trunk sway during walking 
e. Widening standing base 
f. Toes turned outward on walking 
g. En bloc turning (turning requiring three or more steps for 180 degrees) 
h. Impaired walking balance, as evidenced by two or more corrections out 
of eight steps on tandem gait testing 
 
With respect to cognition, there must be documented impairment (adjusted for 
age and educational attainment and/or decrease in the performance of a 
cognitive screening instrument (such as the Monumental State examination), 
or evidence of at least two of the following on examination that is not fully 
attributable to other conditions 
a. Psychomotor slowing (increased response latency) 
b. Decreased fine motor speed 
c. Decreased fine motor accuracy 
d. Difficulty dividing or maintaining attention 
e. Impaired recall, especially for recent events 
f. Executive dysfunction, such as impairment in multistep procedures, 
working memory, formulation of abstractions/similarities, insight  
g. Behavioral or personality changes 
 
To document symptoms in the domain of urinary continence, either one of the 
following should be present 
a. Episodic or persistent urinary incontinence not attributable to primary 
urological disorders 
b. Persistent urinary incontinence 
c. Urinary and fecal incontinence 
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                   Or any two of the following should be present 
a. Urinary urgency as defined by frequent perception of a pressing need to 
void 
b. Urinary frequency as defined by more than six voiding episodes in an 
average 12-hour period despite normal fluid intake 
c. Nocturia as defined by the need to urinate more than two times in an 
average night 
 
IV. Physiological 
 
CSF opening pressure in the range of 70-245 mm H20 as determined by a 
lumbar puncture or a comparable procedure. Appropriately measured 
pressures that are significantly higher or lower than this range are not 
consistent with a probable NPH diagnosis. 
 
CT=Computed Tomography; MRI=Magnetic Resonance Imaging 
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Figure 1. Adapted from Marmarou	  A,	  Bergsneider	  M,	  Klinge	  P,	  Relkin	  N,	  Black	  
PML.	  The	  value	  of	  supplemental	  prognostic	  tests	  for	  the	  preoperative	  
assessment	  of	  idiopathic	  normal-­‐pressure	  hydrocephalus.	  Neurosurgery.	  
2005;57(3):S2–17.	  (7) 
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CT = Computed Tomography; MRI = Magnetic Resonance Imaging; LP = Lumbar 
Puncture; CSF = Cerebrospinal fluid; ICP = Intracranial pressure; Intracranial 
pressure is identified in the figure in units of mmHg; Ro = CSF outflow resistance 
(calculated as mmHg/ml/min, see lumbar infusion test) 
 
DTI Approaches 
 
    There are three main ways to analyze DTI data: Region of Interest, tract-specific, and 
voxelwise statistics. ROI analysis involves having researchers trace a structure and 
having the computer give a value, commonly an FA value of that region. A downside of 
performing an ROI analysis is the potential for subjectivity in the results, given the 
difficulty in remaining objective in how one defines the regions. A more objective 
measure is tract-specific analysis. Tract-specific analysis uses fibertracking to guide the 
data. The researcher identifies a seed and target region, and the FA values are measured 
in between. A limitation of this method is tract-specific analysis is best used to compared 
anatomically similar individuals. In NPH, patients have enlarged ventricles, making 
comparison between NPH and normal groups difficult (17). 
    Voxelwise statistical analysis is a favorable choice for NPH study because voxelwise 
statistical analysis “requires neither prespecification nor prelocalization of regions of 
interest, and it can be used automatically to perform a statistical analysis of the whole 
brain by voxelwise comparisons between 2 groups. TBSS is a recently developed 
voxelwise statistical analysis that has a specific registration algorithm for FA maps to 
minimize misregistration” (17). 
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    NPH is a brain-wide phenomena, not located within specific tracts or regions. TBSS 
can be used to compare NPH and normal groups without seed and target points. The only 
subjectivity of using TBSS deals with the biases within the algorithm itself. The 
researcher's biases play no role in the FA results.  
 
 
DTI Explained 
 
    Axons are bundled together, but only some are visible on conventional MR imaging. 
These visible axon bundles are the corpus callosum and the anterior commissure, but only 
from the sagittal plane. Most white matter bundles cannot be viewed on conventional 
MR, creating a need for another tool. Most white matter tracts have identical T1 and T2 
relaxation times, and are therefore unable to be differentiated on conventional MR (18).  
    While MRI can measure water density, it can also be used to measure regional water 
properties, including molecular diffusion and flow. The diffusion of water follows 
Brownian motion. An analogy of the diffusion of water is dropping a dye in a glass of 
water. When the dye hits the water, it will diffuse in random directions, and over time the 
entire glass will have a slight, even tint. We call this even diffusion of water isotropic 
diffusion.  
    Now imagine that we have a new glass of water—this time with a straw. Should we 
insert the dye through the straw, the diffusion of water will be more directional; it will 
flow down the direction of the straw. The white matter tracts are analogous to the straw. 
Water will diffuse along the bundles of white matter tracts. This is because axons are 
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made of myelin sheaths, which are lipophilic and disrupt the flow of water. We call this 
preference for directional diffusion anisotropy, because the water does not follow a 
Gaussian distribution. In the gray matter there are less fiber structures, so motion is more 
random.  
    We can use diffusion measurements from multiple axes to create a mathematical 
representation called an ellipsoid. An ellipsoid is made up of 6 values: 3 eigenvalues (λ1, 
λ2, λ3) and 3 eigenvectors (ʋ1, ʋ2, ʋ3). The shape of the ellipsoid is given by the 
eigenvectors, and the orientation through the eigenvectors. The six pierces of information 
of the ellipsoid yield the nine elements of the 3 x 3 diffusion tensor. We call the imaging 
of the diffusion tensor diffusion tensor imaging (18).  
    In an attempt to create images out of information that contains six tensor parameters, 
we can encounter difficulties. How does one go about visualizing six parameters in a 
pixel on a two-dimensional image? The problem has been traditionally approached two 
ways. One technique is the anisotropy map. The anisotropy map has information 
regarding the elongation of the ellipsoid. The more elongated the ellipsoid, the brighter 
the map appears. In this way, white matter will appear brighter than the gray matter. But 
unlike in the T1 weighted image, specific major white matter tracts appear distinct. 
Although not proven, there is a common assumption that increased axon density, 
increased myelination, and “increased homogeneity of fiber orientation” all contribute to 
increased anisotropy values (18).  
    The second approach is the color map. The color map uses 3 colors, conventionally 
red, green, and blue, to represent the longest axons of the ellipsoid. Red represents the 
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left-right axis, green represents the anterior-posterior axis, and blue represents the 
inferior-superior axis. This enables DTI to subdivide the white matter into substructures.  
In the color map, signal intensity and direction can both be weighted by a combination of 
color intensity and a mixture of red-blue-green. For example, fibers running 45 degrees 
between red (left-right) and blue (inferior-superior) would be labeled purple (red and 
blue). As much information as this technique provides, and as superior this method is 
compared to T1 weighted images and anisotropy maps, there is a significant drawback to 
the color map. For example, the base unit of DTI is the pixel. FA values are given in 
terms of pixels (18).  
    Anisotropy values are measured on a scale from 0 to 1, with 1 suggesting strong fiber 
orientation, and 0 suggesting a lack of fiber orientation. A drawback of DTI is that the 
size of a pixel, 2mm³, can contain so many axonal tracts that a low anisotropic value can 
be unclear. It can mean either few axonal fibers in a pixel, or it can mean there are fibers 
running in multiple orientations, effectively creating a spherical 3D ellipsoid with no 
direction. This is precisely the problem at the junction of the corpus callosum and the 
corona radiata. Despite an abundance of white matter tracts, this junction appears dark on 
the anisotropy map. This low anisotropy value should not be mistaken for a lack of 
axonal tracts. Instead, one should posit that in this region where many fibers are running 
in different directions, multiple orientations of fibers produce diffusion tensors lacking 
direction. The same logic can be applied to explain why gray matter displays low 
anisotropy values. It is certainly not due to a lack of axonal fibers, but simply because of 
fibers with multiple orientations, combined with a lack of myelinated tracts (18).  
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    Thus far we have discussed the limitations of DTI when axonal tracts are smaller than 
the size of a pixel. But what if we encounter many axonal tracts traveling together to 
form a bundle? Should a bundle be large enough to be wider than a pixel, it should be 
possible to map the largest bundles in a 3D tract reconstruction.  
    Given the many data points, how do we go about reconstructing the tracts? As stated 
previously, the shape of the ellipsoid is reconstructed from eigenvalues. For direction, 
however, the largest eigenvector is used. The path of the fiber is determined with the help 
of a method called FACT (Fiber Assignment by Continuous Tracking) method. As stated 
previously, the largest vector is used for orientation. An anisotropy value of FA>0.2 is 
commonly used as a threshold (18). 
 
The TBSS Approach  
 
    In the TBSS approach, which is a voxel-based morphology approach, FA images from 
subjects are registered into the standard space using nonlinear registration. The 
skeletonized mean FA image is created by taking the mean of the aligned FA images and 
“thinning” them create FA image. “Thinning” is a term that refers to “non-maximum-
suppression perpendicular to the local tract structure”. In order to localize the major 
group differences, threshold FA values are often applied to “suppress areas of low mean 
FA and/or high inter-subject variability”. Then the subjects’ aligned FA images are 
projected onto the mean FA skeleton “by filling the skeleton with FA values from the 
nearest relevant tract center. This is achieved, for each skeleton voxel, by searching 
perpendicular to the local skeleton structure for the maximum value in the subject’s FA 
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image”. Finally, statistics are performed to determine which regions of interest show 
differences on the mean FA skeleton (19). 
 
STUDY OBJECTIVE 
    The goal of this study is to show differences in FA between NPH patients and normal 
patients. NPH is a global white matter disease, and our hypothesis is that there is a 
corresponding decrease in FA values in the corpus callosum. Due to the characteristic 
gait abnormality and enlarged ventricles in NPH, we also hypothesize that the 
compression of white matter tracts correspond to an increase in FA in the internal 
capsule, which will be representative of the corticospinal tract.  
 
METHODS 
 
Questionnaire  
    Subjects were enlisted retrospectively from Los Gatos Imaging Center, a private 
medical imaging site in Los Gatos, California, from 2008 until 2010. Radiologists on 
staff identified potential NPH cases for further investigation. All potential NPH cases 
were determined by Los Gatos Imaging Center staff radiologists to have a radiological 
finding of enlarged ventricles out of proportion to sulcal atrophy, as indicated in their 
radiological reports.  
    A questionnaire was developed to provide additional support for an NPH diagnosis. 
Referring neurologists were asked to evaluate if their patients have demonstrated gait 
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abnormality, dementia, or urinary incontinence. Neurologists were asked to record if the 
patient had a lumbar puncture, and if so, to provide opening pressures.  Neurologists were 
asked to state if a diagnostic CSF drainage procedure was performed, and if so, to state if 
symptoms improved. The questionnaire is provided in Figure 2.  
    NPH subjects are defined as meeting all of the following criteria: having radiological 
finding of enlarged ventricles out of proportion to sulcal atrophy, a neurological finding 
of gait abnormality, and the treating neurologist stating that in their clinical judgment the 
patient has NPH or “probable NPH”. Additional criteria such as opening pressures and 
the two remaining symptoms of the clinical triad were viewed as supportive, but not 
necessary, for selection in the NPH group.  
    Normal controls were patients sent for imaging to rule out various neurological 
conditions, and were subsequently found to have no anatomical brain abnormalities. 
Normal subjects’ ventricle sizes were unremarkable and within normal limits. None of 
the normal subjects reported gait abnormality, dementia, or urinary incontinence. Due to 
the onset on NPH beginning in the sixth decade of life, all patients used for this study 
were age fifty-five and above.  
    Magnetic Resonance Imaging was performed with a 3-Tesla Philips magnet. The 
following images were obtained: sagittal T1 FLAIR images, transaxial T1 FLAIR 
images, trans-axial T2 weighted images, transaxial T2 FLAIR images, transaxial 
diffusion weighted images, transaxial sustainability weighted images, and transaxial  
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 diffusion tensor images.  
Figure 2. Questionnaire 
Los Gatos MRI NPH Study Questionnaire 
Patient Study Number:                                   MRI Scan Date: 
Based on your clinical judgment, did this patient have Normal Pressure 
Hydrocephalus?  
Yes ______  Probable NPH_______    No______  
Has your patient exhibited any of the following symptoms: 
Gait Instability _____ Dementia _______  
Urinary Incontinence ______ Other______ 
Did the patient have a lumbar puncture? Yes _____   No _____ 
If the patient had a lumbar puncture, what was the opening pressure? ________ 
Did the patient have a diagnostic CSF drainage procedure? Yes______ No_______ 
If Yes to the previous question, did the patients symptoms improve?  
Yes_____  No_____ 
Was the patient shunted?  Yes _____ No ______ 
If shunted, did the patients symptoms improve? Yes______ No_____ 
If the patient was shunted, what was the opening pressure after shunting? ______ 
Did fibertracking help in suggesting or confirming the diagnosis of NPH in this 
patient?  
Yes______ No_______ 
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Tract-Based Spatial Statistics 
 
    The first step was to create FA images from your diffusion study. TBSS will cause 
some erosion of FA images, and will remove outliers from the diffusion tensor 
formulation. Tbss_1_preproc was a step that is used to take the processed FA images and 
place them into an “FA” subdirectory. It is here the registration steps occured. Original 
images were kept the subdirectory “origdata” (20). 
    Tbss_2_reg was the step for nonlinear registration. The purpose here was here is to 
align the FA images to a uniformed 1x1x1mm size. There were three choices for 
determining the target image. The first option was to select a target image can be 
automatically chosen as being the most representative of the group. The second option 
was to manually select a chosen target image beforehand. The third option was to align 
each of the FA images together, and to pick the image of “best fit” to become the target 
image. In this study the second option was chosen, a pre-selected standard-space image 
known as “FMRIB58_FA”. This is also the option recommended by FMRIB because the 
researchers claim it gives positive alignments and because it simplifies the process by 
using only one registration per study participant (20). 
    Tbss_3_postreg was a step that takes the nonlinear transformations from tbss_2_reg 
and converts them into standard space. The pre-specified target was affine-aligned into a 
1x1x1mm MNI152 space. The 1x1x1mm resolution works well because it was also used 
later in the skeletonization steps. The 1x1x1mm resolution also works well for reporting 
results. The subject FA images had the nonlinear transform applied to the pre-specified 
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target. Afterwards the affine transform was applied to the to MNI152 space. The end 
result of this step was that each FA image is recorded in a standardized space. At the end 
of this step the display options were selected and checked. The threshold is important for 
whether the subject tracts are appropriately aligned on the mean FA skeleton. For 
example, an FA threshold below 0.2 is too low because there are too many tracts that 
cross with such low FA values. For this study the commonly chosen threshold of 0.2 was 
selected (20). 
    Tbss_4_prestats was a step important for providing a threshold for FA values before 
statistics are run across subjects. This step placed a threshold on the mean FA skeleton. A 
distance map was created to help place FA on top of the skeleton. The other part of this 
step concerned the 4D all_FA image with aligned FA data, and projected the FA values 
on top of FA mean skeleton, so that the final result was a 4D image which includes the 
projected “skeletonized” FA data (20). 
    It was then appropriate to perform voxelwise statistics on the FA skeletonized data. A 
between subjects t-test was used to compare voxels. Threshold-Free Cluster 
Enhancement was chosen in order to correct for multiple comparisons across space. 
There were two contrasts applied to the data. In contrast 1, normal control FA values 
were greater than NPH patient FA values. In contrast 2, NPH patient group FA values 
were greater than normal control group FA values. The Threshold-Free Cluster 
Enhancement images were image corrected to display differences only in regions with 
statistical difference of p is less than or equal to 0.05 (20). 
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RESULTS 
 
 
    Seventeen subjects took part in the study. There were 9 patients (age 77.0 +/-10.0 
years) with clinical suspicion of Normal Pressure Hydrocephalus, and 8 normal controls 
(age 64.0 +/- 7.2 years). The classification of “probable” Normal Pressure Hydrocephalus 
was made with a variety of evidence from an overall professional determination, 
symptoms presented during a physical exam, and radiological findings. A clinical 
judgment of “NPH” or “probable NPH” was an individual determination based solely on 
the criteria of the reviewer as no educational or diagnostic literature was given or 
suggested to reviewers. NPH subjects included in the study must have possessed the 
clinical triad symptom of gait abnormality during physical examination. Finally, all NPH 
subjects possessed radiological evidence of ventriculomegaly out of proportion to sulcal 
atrophy, as stated in their radiological reports. All eight normal controls lacked the NPH 
clinical triad symptoms, had normal-sized ventricles, and had no anatomical brain 
abnormalities.  
    9/9 of the NPH patient group exhibited gait abnormality. 5/9 demonstrated dementia. 
One respondent who did not check the “dementia” box instead selected the box labeled 
“other” and wrote-in “mild memory decline”. This might suggest that the rate of 
dementia is in fact 6/9. 3/9 respondents noted urinary incontinence.  
    4/9 NPH subjects had a lumbar puncture. 2/4 of patients that had lumbar puncture have 
recordings of opening pressures, and both of them had normal values (11 and 18 cm 
H20). The values of the remaining two patients are unavailable. Of the 4 subjects with a 
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lumbar puncture, ¾ had a CSF drainage procedure performed. All three with CSF 
drainage showed improvement, and all three had a shunt procedure. All three reported 
positive response to shunting.  
 
 
Fig. 3 Coronal view. Contast 2 applied to Tract-Based Spatial Statistics (TBSS) image. 
Regions where NPH group FA values greater than normal control group FA values are in 
red and yellow. P is less than or equal to 0.05. 
 
Fig 4. Mid-sagittal view. Contrast 2 applied to TBSS image. Regions where NPH group 
FA values greater than normal control group FA values are in red and blue. P is less than 
or equal to 0.05. 
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Fig. 5 Axial view. Contrast 2 applied to TBSS image. Regions where NPH group FA 
values greater than normal control group FA values are in blue. P is less than or equal to 
0.05. 
 
 
Fig. 6. Coronal view. Contrast 1 applied to TBSS image. Regions where Normal control 
group FA values are greater than NPH group FA values are in blue. P is less than or equal 
to 0.05. 
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Fig. 7. Axial view. Contrast 1 applied to TBSS image. Regions where normal control 
group FA values are greater than NPH group FA values are in blue. P is less than or equal 
to 0.05.  
 
Figure 8. Sagittal view. Contrast 1 applied to TBSS image. Regions where normal 
control group FA values are greater than NPH group FA values are in blue. P is less than 
or equal to 0.05. 
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Fig. 9 Coronal image at top left. Sagittal image at right. Axial image at bottom left. 
Contrast 1 and Contrast 2 are applied to TBSS images. A composite of the data that 
shows where NPH and normal control groups each have higher FA values. In contrast 1, 
regions where normal control group FA values are higher than NPH group values are in 
blue. P is less than or equal to 0.05. In contrast 2, regions where NPH group FA values 
are greater than normal control values are in red and yellow. P is less than or equal to 
0.05. 
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Figures 10 and 11. At top, figure 8 is an example of a tractography image from a 
healthy control using Fibertrak. At bottom, figure 9 is an example of tractography 
image from an NPH patient using Fibertrak.  
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DISCUSSION 
 
 
    The TBSS data show many regions of difference between NPH and normal control 
groups. Figure 6 clearly shows across-the-board reductions in FA values in NPH. It is 
good image to demonstrate the global nature of white matter disease in NPH. Apart from 
the periventricular region, virtually all the major white matter tracts are involved in this 
FA reduction in NPH. In this study the corpus callosum was used as a yardstick of global 
white matter, and Figure 8 is an excellent image for showing FA reduction along the 
entirety of the corpus callosum.  This is consistent with previous reports in the 
literature.(9)(21)(22)(8). 
    The internal capsule, which was selected as a region representative of the corticospinal 
tract, does not show an increase in FA values for the NPH group. In fact, there is a strong 
reduction of FA in the anterior internal capsule of the NPH group, which can be seen 
with a thick uniform blue segment in Figure 7. There is a less strong but still significant 
reduction in FA in some the genu and posterior regions of the internal capsule, which can 
be seen by its broken blue segments throughout the area. However, there are pockets of 
voxels that show increase in the posterior internal capsule, as seen in Figure 3. Overall, 
there are more blue regions that show NPH FA reductions than there are red regions that 
show FA increases, suggesting that overall, there is a decrease in NPH FA values in the 
internal capsule, with the qualification that it was mixed NPH FA increases and decreases 
in the posterior internal capsule.  
38 
 
    The FA reduction in the internal capsule was not only unexpected, it was the opposite 
of the hypothesis. It was expected that there would be an increase in FA in the internal 
capsule. The reduction of FA in the corpus callosum in NPH patients compared to normal 
controls is consistent with the literature, while the decrease of FA in the internal capsule 
in NPH patients compared to normal controls was unexpected and inconsistent with 
previous reports (8)(9)(21)(22). Although not part of the present study, there was a strong 
NPH FA increase in the upper corticospinal tract in the periventricular region.  
    Hattori et al. performed a TBSS study with 20 idiopathic NPH patients and 20 age and 
sex matched normal controls, and found that “FA values in the juxtacortical white matter 
in the frontal and parietal lobes, the periventricular white matter, and the posterior parts 
of the body or splenium of the corpus callosum were significantly lower in patients with 
idiopathic NPH than in control subjects (corrected P less than 0.05). In contrast, in 
patients with idiopathic NPH, the FA values in the internal capsule extending to the white 
matter in the centrum semiovale, including the corticospinal tract, were significantly 
higher than those in the controls (P less than 0.05)(17). In summary, Hattori’s findings in 
the corpus callosum was consistent with the results of the experiment, while there was an 
increase in NPH FA values in the internal capsule. Hattori’s findings in the internal 
capsule were not consistent with the present experiment because Hattori found an 
increase in FA in the NPH groups compared to normal controls (17). 
    In another experiment, completed by Hattingen et al., 11 subjects rated as probable or 
possible NPH idiopathic normal pressure hydrocephalus (76±8 years) and ten control 
subjects (63±6 years) were compared using TBSS. The Hattingen group found NPH FA 
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group decreases in the corpus callosum, similar to the present study and to Hattori’s 
findings (see figure 10). Hattingen also found NPH FA group increases in the posterior 
internal capsule (Figure 12). This unqualified FA increase in the internal capsule is 
consistent with Hattori’s findings, but inconsistent with the findings of the present study.  
 
Adapted from Hattingen	  E,	  Jurcoane	  A,	  Melber	  J,	  Blasel	  S,	  Zanella	  FE,	  Neumann-­‐
Haefelin	  T,	  et	  al.	  Diffusion	  tensor	  imaging	  in	  patients	  with	  adult	  chronic	  
idiopathic	  hydrocephalus.	  Neurosurgery.	  2010	  May;66(5):917–24.	  (21) 	  
 
 
 
Fig. 12. Tract-Based Spatial Statistics (TBSS) results with a statistically significant 
threshold of p less than or equal to 0.05. Blue represents normal controls with FA 
values greater than NPH patients. Red represents NPH patients with FA values 
greater than normal controls. Results are shown on a Montreal Neurological 
Institue (MNI) brain.  
 
 
 
  
40 
 
    One of the challenges of an NPH diagnosis is excluding other neurodegenerative 
conditions with enlarged ventricles, such as Alzheimer’s Disease. Figure 13 shows the 
similar ventricular enlargement of the NPH and AD brain, as well as how AD presents 
with more cortical atrophy. Kanno et al. (White matter involvement in idiopathic normal 
pressure hydrocephalus: a voxel-based diffusion tensor study) included an Alzheimer’s 
group and an idiopathic Parkinson’s Disease (PD) group. Comparisons between NPH and 
AD and NPH and Parkinson’s Disease may therefore be more clinically relevant than 
comparisons between NPH and normal subjects. In the Kanno study there were sixty 
subjects in total: 20 NPH, 20 AD, and 20 PD. NPH patients were defined as being above 
60 years of age, at least one of the triad symptoms, ventricular dilation as defined by an 
Evan’s ratio above 0.3, a narrowing of the space in the superior convexity, CSF pressure 
below 200 mmH20, normal CSF cell count and protein levels, exclusion of co-
morbidities, no previous illness that could explain ventriculomegaly, and symptom 
improvement after shunting (23).  
    Kanno et al. used Statistical Parametric Mapping (SPM, http://www.fil.ion.ucl.ac. 
uk/spm/) in lieu of TBSS for FA group comparisons. An FA threshold of 0.2 was used for 
mapping, and a between subjects t-test was used to compare groups. There were several 
relevant findings. There was a decrease in the NPH FA in the corpus callosum, when 
compared to the AD and PD groups. This finding was most pronounced in the posterior 
region of the corpus callosum and especially the splenium. There was also NPH FA 
reductions in the bilateral temporal, parietal, and occipital lobes, when compared to AD 
and PD groups. Interestingly, there were not any regions in NPH patients that were found 
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to have FA increases compared to AD and PD groups (23). It is significant that there 
were FA reductions that were found in comparisons between NPH and AD, and NPH and 
PD groups. That there were no regions with FA increases in NPH should not be 
misinterpreted. The finding means that were not any increase in NPH FA when compared 
to these two other disease states. If there were an additional healthy control group it is 
possible that there would be regions with NPH FA increases. However, showing FA 
reductions between NPH and AD, and NPH and PD is enough of a finding to show 
quantitative difference between groups. In addition, the FA differences in NPH do not 
explain the underlying cause of the pathology, or the triad symptoms. More research is 
needed to help uncover the link between FA findings and pathology.  
    It is known that NPH is associated with global brain white matter disease. However, 
the mechanism of this white matter disintegration is not yet known. What is known is that 
many NPH patients show improvement after shunting, in which the patient’s ventricles 
would shrink to a more normal size and presumably would not exert as much mechanical 
pressure to the periventricular white matter, and lead to an improvement of symptoms 
(Kanno). Also, since ventricular size does not correspond to degree of symptoms or 
degree of improvement after shunt surgery, investigation into FA may lead to better 
selection of patients who are candidates for shunt surgery (23).  
 
 Adapted from Moore	  DW,	  Kovanlikaya	  I,	  Heier	  LA,	  Raj	  A,	  Huang	  C,	  Chu	  K-­‐W,	  et	  
al.	  A	  pilot	  study	  of	  quantitative	  MRI	  measurements	  of	  ventricular	  volume	  and	  
cortical	  atrophy	  for	  the	  differential	  diagnosis	  of	  normal	  pressure	  
hydrocephalus.	  Neurol	  Res	  Int.	  2012;2012:718150	  (24) 
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Fig. 13.  
a) Above, a brain map of ventricles in normal, NPH, and Alzheimer’s Disease 
(AD). Note the ventricles are enlarged in NPH and AD groups when 
compared to normal group.  
b) Cortical thickness maps using FreeSurfer software. Alzheimer Disease (AD) 
patients show thinner cortex generally, and more specifically in the posterior 
brain when compared to NPH and normal groups.  
 
    Lendfelt et al. completed a study that examined DTI differences between NPH and 
normal groups, with the additional step of comparing NPH patients before and after CSF 
lumbar drainage. In the Lendfelt study there were 18 NPH patients and 10 normal 
controls. Imaging was performed in a 1.5 Tesla magnet. Post-processing of DTI data was 
accomplished with Statistical Parametric Mapping (Wellcome Department of Cognitive 
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Neurology, London, United Kingdom; http://www.fil.ion.ucl.ac.uk). CSF drainage 
consisted of 400ml of CSF removed over the course of 3 days with up to 25ml removed 
on each occasion. A Regions of Interest (ROI) approach using ImageJ (ImageJ 1.41o, 
National Institutes of Health, Bethesda, Maryland) was used to isolate and compare FA 
of the corpus callosum and internal capsule.  
    Lenfeldt et al. found decreases in NPH FA in the corpus callosum compared to normal 
controls, and T2 signal intensity was increased in the region, suggesting water levels 
similar to classical white matter lesions. In addition, the corpus callosum was distorted 
morphologically, also in a way similar to when patients have periventricular white matter 
lesions (9). The FA of the genu corpus callosum in older adults is correlated to gait 
impairment and memory difficulties, raising the possibility of using DTI as a tool for 
measuring disease progression, or even possibly a “pre-NPH” stage (25)(26). 
    The Lenfeldt results in the internal capsule reveal that NPH FA is the same as normal 
control FA. This is in line with the current study, although it runs against the results of 
previous studies cited earlier. Interestingly, there were observations made about FA in 
other regions of the corticospinal tract. Further up the corticospinal tract, lateral to the 
ventricles, there was an NPH FA increase compared to normal controls. In total, the 
results of the study in NPH patients reveal a decrease in FA in the corpus callosum, no 
change in the internal capsule, and an increase in white matter lateral to the ventricles.  
Furthermore, no deviances were found further down the corticospinal tract, such as in the 
internal capsule. This roughly corresponds to the results of the current study, where there 
was an NPH FA decrease in the corpus callosum, general decrease in the internal capsule 
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with some increase in the posterior internal capsule, and an increase lateral to the 
ventricles. One explanation for the discrepancy in the internal capsule in the current study 
may be due to a co-registration error in TBSS. The NPH group and normal control group 
have different brain morphologies, largely due to different ventricle size. It is possible 
that there were TBSS alignment problems between these two groups leading to incorrect 
anatomical comparisons (19). For example, it is established that in comparisons of two 
groups, where the patient group has enlarged ventricles, registration will cause the 
anterior corpus callosum to shift the further anteriorly. What this means is that even if 
both groups were to have identical white matter integrity, voxelwise statistics would 
show FA increases in the anterior corpus callosum in the enlarged ventricle group 
compared to normal controls. Alternately, the reverse would be true at the posterior 
corpus callosum, where normal controls would have higher FA values than the enlarged 
ventricle group.  
    It is possible that the enlarged ventricles in NPH cause similar registration errors in the 
internal capsule. It is curious that the results of the present experiment show an FA 
reduction of the anterior internal capsule. Considering the enlarged ventricles of NPH are 
hypothesized to compress the corticospinal tract, FA values in this group around the 
corticospinal tract would be expected to be either elevated, or at least not to change, from 
the normal control group. A more likely scenario is that registration errors led to incorrect 
anatomical comparisons between groups (19). Other sources of error are the 
discrepancies in age between normal and patient groups. Perhaps the results of the study 
may be more due to age than NPH. The patient group has a mean of 77 years, while the 
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normal control group had a mean of 63 years. It is possible that the older population had 
more global white matter disintegration, including in the internal capsule, due to age 
alone. While age may be a contributing factor, it should be noted that another experiment 
had a nearly identical age difference between NPH and normal control groups, but still 
found an NPH FA increase (21). Lastly, the low sample size should not be overlooked. 
With 9 patients and 8 controls, any individual with a very low or high FA value in the 
internal capsule may have influenced the results disproportionately.  
    A final note about the study was the acquisition of tractography images. Although not 
objectively analyzed in this study, they provide a clue to a potential role for tractography 
in future studies. All the normal tractography images were similar to Figure 11, and all 
NPH patients had tractography similar to Figure 10. In the normal tractography there are 
clear differences between the corpus callosum (horizontal) and corticospinal tract 
(vertical). In the NPH tractography one can see enlarged ventricles and bowing of the 
corpus callosum. However, there are also some peculiarities in the NPH image. The tracts 
emanating from the corticospinal tract appear to be conflated with those of the corpus 
callosum. Note that the blue and green segments of the coritospinal tract fibers on the 
NPH image turn inward in the same direction as the corpus callosum. Also note the large 
red fibers running anterior to posterior on top of the corpus callosum. These are not 
known white matter tracts and should be treated as radiological artifacts. It is possible 
that Fibertrak software has trouble differentiating white matter tracts between the corpus 
callosum and the corticospinal tract. As can be seen in Figure 14, normal subjects have 
FA corpus callosum and corticospinal tract values that do not overlap. NPH patients, on 
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the other hand, have overlapping corpus callosum and corticospinal tract FA levels. This 
suggests the software has trouble differentiating the groups when they are near because 
they have similar regional FA. While exact FA values are not determined in this study, 
confirmation of an FA decrease in the corpus callosum and an FA decrease in the corpus 
callosum mirror the broad strokes of the Hattingen study, and open the possibility to a 
unique radiological artifact that can be used as another tool, along with the Evan’s ratio 
and the Tap Test, that can used to support an NPH diagnosis. Further research is needed 
to determine if this artifact is unique for NPH, or is also found in Alzheimer’s Disease, 
other neurodegenerative disease, or ventriculomegaly without NPH.  
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Adapted from Hattingen	  E,	  Jurcoane	  A,	  Melber	  J,	  Blasel	  S,	  Zanella	  FE,	  Neumann-­‐
Haefelin	  T,	  et	  al.	  Diffusion	  tensor	  imaging	  in	  patients	  with	  adult	  chronic	  
idiopathic	  hydrocephalus.	  Neurosurgery.	  2010	  May;66(5):917–24. (21) 	  
 
 
Figure 14. Differences in fractional anisotropy (FA) values for the 
corticospinal tract and corpus callosum. Error bars signify standard 
deviation. Three stars represents a p-value less than or equal to 0.001.  
 
 
 
 
 
 
 
 
 
 
48 
 
LIST OF JOURNAL ABBREVIATIONS 
 
Am J Neuroradiol (The American Journal of Neuroradiology)  
Cereb Cortex (Cerebral Cortex)   
Clin Neurol Neurosurg (Clinical Neurology and Neurosurgery) 
JAMDA (Journal of the American Medical Directors Association) 
J Neurol (Journal of Neurology)                                                                                
J Neurosurg (Journal of Neurosurgery) 
Neuroimage (Neuroimage) 
Neurol Res Int (Neurology Research International) 
Neurosurgery (Neurosurgery)  
NPJ (The Nurse Practitioner) 
Semin Neurol (Seminars in Neurology)   
 
 
 
 
 
 
 
 
 
 
 
 
49 
 
REFERENCES 
 
 1.	  	   Marmarou	  A,	  Bergsneider	  M,	  Klinge	  P,	  Relkin	  N,	  Black	  PML.	  The	  value	  of	  supplemental	  prognostic	  tests	  for	  the	  preoperative	  assessment	  of	  idiopathic	  normal-­‐pressure	  hydrocephalus.	  Neurosurgery.	  2005;57(3):S2–17.	  	  2.	  	   Marmarou	  A,	  Bergsneider	  M,	  Relkin	  N,	  Klinge	  P,	  Black	  PML.	  Development	  of	  guidelines	  for	  idiopathic	  normal-­‐pressure	  hydrocephalus:	  introduction.	  Neurosurgery.	  2005;57(3):S2.	  	  3.	  	   Tsakanikas	  D,	  Relkin	  N.	  Normal	  pressure	  hydrocephalus.	  Seminars	  in	  neurology	  [Internet].	  2007	  [cited	  2012	  Dec	  11].	  p.	  58–65.	  Available	  from:	  https://www.thieme-­‐connect.com/ejournals/abstract/10.1055/s-­‐2006-­‐956756	  4.	  	   Fraser	  C,	  Stark	  SW.	  Gait	  disorder	  in	  older	  adults:	  Is	  it	  NPH?	  The	  Nurse	  Practitioner.	  2011;36(3):14.	  	  5.	  	   Relkin	  N,	  Marmarou	  A,	  Klinge	  P.	  DIAGNOSING	  IDIOPATHIC	  NORMAL-­‐PRESSURE	  HYDROCEPHALUS.	  Neurosurgery.	  2005	  Sep;57(3):S2–S16.	  	  6.	  	   Siraj	  S.	  An	  overview	  of	  normal	  pressure	  hydrocephalus	  and	  its	  importance:	  how	  much	  do	  we	  really	  know?	  Journal	  of	  the	  American	  Medical	  Directors	  Association.	  2011;12(1):19–21.	  	  7.	  	   Marmarou	  A,	  Bergsneider	  M,	  Klinge	  P,	  Relkin	  N,	  Black	  PM.	  The	  value	  of	  supplemental	  prognostic	  tests	  for	  the	  preoperative	  assessment	  of	  idiopathic	  normal-­‐pressure	  hydrocephalus.	  Neurosurgery.	  2005	  Sep;57(3	  Suppl):S17–28;	  discussion	  ii–v.	  	  8.	  	   Kim	  MJ,	  Seo	  SW,	  Lee	  KM,	  Kim	  ST,	  Lee	  JI,	  Nam	  DH,	  et	  al.	  Differential	  diagnosis	  of	  idiopathic	  normal	  pressure	  hydrocephalus	  from	  other	  dementias	  using	  diffusion	  tensor	  imaging.	  AJNR	  Am	  J	  Neuroradiol.	  2011	  Sep;32(8):1496–503.	  	  9.	  	   Osuka	  S,	  Matsushita	  A,	  Yamamoto	  T,	  Saotome	  K,	  Isobe	  T,	  Nagatomo	  Y,	  et	  al.	  Evaluation	  of	  ventriculomegaly	  using	  diffusion	  tensor	  imaging:	  correlations	  with	  chronic	  hydrocephalus	  and	  atrophy.	  J.	  Neurosurg.	  2010	  Apr;112(4):832–9.	  	  
50 
 
10.	  	   Hiraoka	  K,	  Yamasaki	  H,	  Takagi	  M,	  Saito	  M,	  Nishio	  Y,	  Iizuka	  O,	  et	  al.	  Is	  the	  midbrain	  involved	  in	  the	  manifestation	  of	  gait	  disturbance	  in	  idiopathic	  normal-­‐pressure	  hydrocephalus?	  Journal	  of	  neurology.	  2011;258(5):820–5.	  	  11.	  	   Soudry,	  Gabriel	  A,	  Charles.	  Cisternography	  in	  Normal	  Pressure	  Hydrocephalus	  [Internet].	  1993	  [cited	  2013	  Feb	  18].	  Available	  from:	  http://www.med.harvard.edu/jpnm/tf93_94/oct12/writeupoct12.html	  12.	  	   ASAP  »	  American	  Syringomyelia	  &	  Chiari	  Alliance	  Project  »	  Cine	  MRI	  [Internet].	  American	  American	  Syringomyelia	  and	  Chiari	  Alliance	  Project.	  [cited	  2013	  Feb	  21].	  Available	  from:	  http://www.asap.org/index.php/medical-­‐articles/cine-­‐mri/	  13.	  	   Mayfield	  Clinic.	  SPECT	  scan	  |	  Single	  Photon	  Emission	  Computed	  Tomography	  [Internet].	  Mayfield	  Clinic	  for	  Brain	  and	  Spine.	  2002	  [cited	  2013	  Feb	  18].	  Available	  from:	  http://www.mayfieldclinic.com/PE-­‐SPECT.htm	  14.	  	   Ravdin	  LD,	  Katzen	  HL,	  Jackson	  AE,	  Tsakanikas	  D,	  Assuras	  S,	  Relkin	  NR.	  Features	  of	  gait	  most	  responsive	  to	  tap	  test	  in	  normal	  pressure	  hydrocephalus.	  Clin	  Neurol	  Neurosurg.	  2008	  May;110(5):455–61.	  	  15.	  	   Dugdale	  D,	  Sheth,	  K.	  Cerebral	  spinal	  fluid	  (CSF)	  collection:	  MedlinePlus	  Medical	  Encyclopedia	  [Internet].	  2011	  [cited	  2013	  Feb	  18].	  Available	  from:	  http://www.nlm.nih.gov/medlineplus/ency/article/003428.htm	  16.	  	   National	  Institute	  for	  Health	  and	  Clinical	  Excellence.	  Lumbar	  Infusion	  Test	  for	  the	  Investigation	  of	  Normal	  Pressure	  Hydrocephalus	  [Internet].	  National	  Institue	  for	  Health	  and	  Clinical	  Excellence;	  2008	  [cited	  2012	  Dec	  11].	  Available	  from:	  http://www.nice.org.uk/nicemedia/live/11908/40985/40985.pdf	  17.	  	   Hattori	  T,	  Ito	  K,	  Aoki	  S,	  Yuasa	  T,	  Sato	  R,	  Ishikawa	  M,	  et	  al.	  White	  Matter	  Alteration	  in	  Idiopathic	  Normal	  Pressure	  Hydrocephalus:	  Tract-­‐Based	  Spatial	  Statistics	  Study.	  AJNR	  Am	  J	  Neuroradiol.	  2012	  Jan	  1;33(1):97–103.	  	  18.	  	   Oishi	  K,	  Faria	  AV,	  Zijl	  PCM	  van,	  Mori	  S.	  MRI	  Atlas	  of	  Human	  White	  Matter,	  Second	  Edition.	  2nd	  ed.	  Academic	  Press;	  2010.	  	  19.	  	   Smith	  SM,	  Jenkinson	  M,	  Johansen-­‐Berg	  H,	  Rueckert	  D,	  Nichols	  TE,	  Mackay	  CE,	  et	  al.	  Tract-­‐based	  spatial	  statistics:	  voxelwise	  analysis	  of	  multi-­‐subject	  diffusion	  data.	  Neuroimage.	  2006;31(4):1487–505.	  	  
51 
 
20.	  	   TBSS/UserGuide	  -­‐	  FslWiki	  [Internet].	  FMRIB	  FSL	  Software	  Library	  v5.0.	  2012	  [cited	  2013	  Feb	  19].	  Available	  from:	  http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide	  21.	  	   Hattingen	  E,	  Jurcoane	  A,	  Melber	  J,	  Blasel	  S,	  Zanella	  FE,	  Neumann-­‐Haefelin	  T,	  et	  al.	  Diffusion	  tensor	  imaging	  in	  patients	  with	  adult	  chronic	  idiopathic	  hydrocephalus.	  Neurosurgery.	  2010	  May;66(5):917–24.	  	  22.	  	   Assaf	  Y,	  Ben-­‐Sira	  L,	  Constantini	  S,	  Chang	  LC,	  Beni-­‐Adani	  L.	  Diffusion	  tensor	  imaging	  in	  hydrocephalus:	  initial	  experience.	  American	  journal	  of	  neuroradiology.	  2006;27(8):1717–24.	  	  23.	  	   Kanno	  S,	  Abe	  N,	  Saito	  M,	  Takagi	  M,	  Nishio	  Y,	  Hayashi	  A,	  et	  al.	  White	  matter	  involvement	  in	  idiopathic	  normal	  pressure	  hydrocephalus:	  a	  voxel-­‐based	  diffusion	  tensor	  imaging	  study.	  J.	  Neurol.	  2011	  Nov;258(11):1949–57.	  	  24.	  	   Moore	  DW,	  Kovanlikaya	  I,	  Heier	  LA,	  Raj	  A,	  Huang	  C,	  Chu	  K-­‐W,	  et	  al.	  A	  pilot	  study	  of	  quantitative	  MRI	  measurements	  of	  ventricular	  volume	  and	  cortical	  atrophy	  for	  the	  differential	  diagnosis	  of	  normal	  pressure	  hydrocephalus.	  Neurol	  Res	  Int.	  2012;2012:718150.	  	  25.	  	   Persson	  J,	  Nyberg	  L,	  Lind	  J,	  Larsson	  A,	  Nilsson	  L-­‐G,	  Ingvar	  M,	  et	  al.	  Structure–Function	  Correlates	  of	  Cognitive	  Decline	  in	  Aging.	  Cereb.	  Cortex.	  2006	  Jul	  1;16(7):907–15.	  	  26.	  	   Lenfeldt	  N,	  Larsson	  A,	  Nyberg	  L,	  Birgander	  R,	  Eklund	  A,	  Malm	  J.	  Diffusion	  tensor	  imaging	  reveals	  supplementary	  lesions	  to	  frontal	  white	  matter	  in	  idiopathic	  normal	  pressure	  hydrocephalus.	  Neurosurgery.	  2011	  Jun;68(6):1586–1593;	  discussion	  1593.	  	  
 
 
 
   
 
 
 
 
52 
 
CURRICULUM VITAE 
 
 
 
 
 
       
 
      
     
 
 
 
 
 
 
  
  
  
    
 
 
 
 
      
                              
                              
                              
                                       
 
 
   
 
 
 
53 
 
 
 
          
                                  
                               
                                  
                                
                               
                               
                               
                                
 
           
                               
                               
 
          
                            
                             
                             
 
   
                            
 
 
 
 
        
                  
                                
 
 
 
       
 
      
 
       
       
 
 
 
54 
 
 
 
  
      
           
          
                               
                               
                                  
                               
           
           
                                  
                              
 
 
 
     
                  
          
                          
                  
                  
                                        
 
 
 
 
 
 
  
 
 
 
